Abstract. In the presence of defocusing, the PSF of an optical imaging system with asymmetric apodization have been investigated analytically. The asymmetry in the PSF has been observed to increase with edge strip width (b) of the slit aperture and further improved by defect of focus in the image plane, permits to achieve a significant improvement in side-lobe suppression. The proposed analytical model of pupil function considers these effects and formulates a space-variant PSF is obtained by employing asymmetric apodization. The optimum values for asymmetric apodization controlling parameter (b) and defocusing parameter (Y) at which results in smoothing the central peak shape and reducing optical side-lobes intensity on one side of the Asymmetric PSF termed as 'good' side at the cost of worsening its counterpart known as 'bad side' with which renders the resolution of apodized optical imaging systems. In order to simplify the proposed analytical design an efficient method is derived and evaluated.
Introduction
The Point Spread Function of image forming optical systems is determined by the parameters of the optical system and the distance or depth of the object being imaged. In real time imaging, defocused point spread functions are being used for the optical sectioning as part of microscope image visualization system. The response of a defocused optical system to line frequencies in the object studied analytically [1] . Pera A. Stokseth [2] , has analyzed the optical properties of an aberration-free defocused optical system used to image incoherently illuminated objects. Li et al. [3] have measured and analyzed defocused point spread functions and optical transfer functions of a microscope. The main purpose of their analysis was to verify the accuracy of analytical approximations of these functions, which were presented but not extensively studied in the literature. Alan R. FitzGerrell et.al [4] presented a two-dimensional function that graphically illustrates the effects of defocus on the optical transfer function (OTF) associated with a circularly symmetric pupil function. All these studies were relative to defocusing analysis of Point Spread Function of optical systems with symmetric apodized pupils. I. Klapp and Y. Yitzhaky [5] developed new model of angular motion PSF by considering space -variant effects of wave front aberrations and defocus. J. Burge and W.S. Geisler [6] presented depth estimation algorithms for computational vision systems to estimate optimized defocus at each location in any individual natural image of human visual system. Xian Zhu et al. [7] proposed a method of algorithm for estimating spatially varying defocus in point spread function of an image, which is applicable to conventional optical imaging systems. Adam Greengard et al. [8] have shown the accuracy of depth estimation analytically based on defocus effects were improved significantly relative to classical methods by exploiting three-dimensional diffraction effects in optical microscopy. Paolo Favaro and Stefano Soatto [9] presented optimal technique to infer threedimensional image shape from a collection of defocused images. Che-Yen Wen et al. [10] presented image restoration techniques is to improve the visual quality of a degraded PSF of image due to motion turbulence, atmospheric turbulence. The theory of image formation considers the cases where the response to signals with complex geometrics is prerequisite along with the not completely characterized coherent function. One such example is the impulse response of an optical imaging system in the resolution of two line objects. The studies in this way are restricted to a few cases [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] principally concentrating the shaping and shading of the pupil function at focus. In this context, following Cheng and Siu [26] employed asymmetric apodization and succeeded in obtaining the so-called good side with very low side-lobes and sharp central peaks and the so-called bad side with enhanced side lobes and broader central peaks. It is obvious that the good side has been obtained at the cost of the bad side. In further continuation of their work [27] they obtained improved side-lobe suppression. Keshavulu et al. [28] investigated the Point spread function of asymmetrically apodized optical systems with one-dimensional case amplitude and phase filters. These studies are the basis for our investigation. We were further motivated by these studies [26] [27] [28] , who initiated and developed the concept of asymmetric apodization, aimed at high resolution.
In the present study in addition to shading of complex pupil functions we investigate the performance of optical system in confocal imaging in terms of shift in pattern and side-lobe suppression for different out-offocus planes. The effect of asymmetric apodization of slit functions is also studied for different out-of-focus planes i.e. collecting the PSFs of point object at different defocused image planes. Though we have reported the results but it extended to any other aperture of this nature in other regions of electromagnetic spectrum. The current study may also be considered in the field of visual optics for understanding of hyperacuity tests based on the response of the human visual system to line pair stimulus. Importantly this study has significant importance to analyze the confocal imaging of line structures in close proximity.
Theory
Within the field of scalar diffraction optics, the amplitude impulse response of one-dimensional defocused optical imaging systems is the Fourier transform of the complex pupil function consists of three zones having uniform amplitude transmittance viz. two narrow strips at edges with opposite phase transmittances of the form exp (-iπ/2) and exp (iπ/2) and zero phase transmittance for the central cylindrical zone of the slit aperture. Because of exceptionally deep reduction ability and constant working angels throughout the regions of considered edge strips, we consider the antisymmetric phase functions. Thus we consider complex pupil function with real amplitude transmittance central zone and complex conjugated outer edge strips. In the presence of defocusing the resultant complex amplitude distribution A(z) in the image plane is equal to the sum of the amplitude transmittance contributing by the central zone of the aperture, equals to unity and complex amplitudes contributing by the narrow left and right edge strips with opposite phase transmittances -i and i. The transmittance of the pupil function of the optical system is given by:
The resultant diffraction field amplitude contributing by the three zones of the aperture is given by:
where z = k sin θ = 2π λ sin θ , ρ is the coordinate in the pupil plane, z is the reduced dimensionless diffraction coordinate in the image plane, λ is the wavelength of the incident radiation and Y is the defocusing control parameter of the apodized optical imaging system. The intensity of defocused PSF I(z) which is the real measurable quantity can be obtained by taking squared modulus of Eq.(2). Thus,
Results and Discussion
The results of investigations on the asymmetric apodization effects on the defocusing diffracted PSF in the focal region of an optical imaging system have been obtained from Eq. Our study mainly concentrated on central peak shift, first minima positions (FMP) and first side lobe intensities (FSI) on good and bad side of the diffraction pattern since they are the important parameters in judging the resolution of defocused optical imaging systems with asymmetric apodization. It may be noticed that these values are computed for different cases and neglected higher order side-lobes and minima as they are suppressing fair enough to zero level. However, we reported the results for both good and bad sides which constitute the complete diffraction pattern of defocused optical imaging system. Table 1 shows the maxima and minima and respective intensities in the asymmetric PSF for different out-of-focus planes. These parameters are computed for various values of defocusing controlling parameter (Y) varying from 0 to 2π in steps of π/2 for different amount of asymmetric apodization. b is the edge strip width of the slit aperture which controls the degree of asymmetric apodization.
The defocused optical imaging systems with asymmetric apodization considered in this study are assumed to be shift variant and diffraction limited. The relation between the analytical design of complex pupil function and the asymmetric PSF is established mathematically. For b = 0, there is a steady decrease in the central peak intensity as Y increases from 0 to 2π i.e. width of the central peak increases from 3.1416 to 3.3084 and there is also a decrease in the first secondary maximum intensity indicating a clear suppression of optical side-lobes. This aspect is an interesting observation one from the point of resolution ability of the defocused optical imaging systems. For b = 0.02, the central peak shifts for all values of Y. It is observed that the central peak is moving away from the diffraction center as amount of defocusing in the image plane increases. This can be seen in more detail from the listed values in Table. I and also shown in Fig.5 . Similar trend is noticed for all values of edge strip width b there by rendering the resolving nature of the defocused optical systems of the very faint object in the close proximity of bright object.
The position of first minimum (FMP) with respect to z = 0 (diffraction center) has been evaluated for different values of edge strip width (b) and listed in Table. I, for in-focus and out-of-focus image planes. From these values it is found that first minimum initially moving away from and then approaching to the diffraction center with the increase in edge strip width b for all the values of defocusing parameter Y. For an instance, as defocusing in the image plane increases from 0 to 2π, the first side-lobe on good side is moving from 2.5165 to 2.5045 when the edge strip width is b = 0.2. The same trend has noticed in Fig.7 . So it concludes that the central spot size is sinking i.e. narrowing the central peak on good side of the diffraction pattern in addition to extension of the first minima on good side with zero intensity creating a dark region which renders the improvement in the resolution of composite image of two line objects under defocusing effect. This is one of the merits of our current study. This trend is not found for other values of b like 0.12, 0.14 and 0.16 for which the defocusing effect degrades the resolution of the PSF. So this effect became optimum for only b = 0.2. The absolute values of first minima positions (FMP) under the same conditions but with respect to central maxima position (CMP) have been studied and listed as FMP w.r.to CMP in Table. I. Based on these values it can be said that the resolution of defocused optical system is turning down. It can be seen in more detail from Fig.8 . In the presence of defocusing, as b increases from 0 to 0.06 there is a significant improvement in overall resolution of the defocused PSF. On further increase of b value it is found that sidelobe intensity increases.
First optical side-lobe intensity (FSI) on good side of the diffraction pattern have been studied for different values of edge strip width b. These values have been obtained for various values of Y and the same presented in Fig.6 . For b = 0.02, there is steady decrease in the first side-lobe intensity on good side as defocusing in the image plane is increasing from 0 to 2π and also found that the side-lobe intensity is suppressing from 0.0056 to 0.0042 for b = 0.06. This indicates that for optimized anti-phase apodization of edge strips (b = 0.06), for a maximum defocused image plane (Y = 2π) we obtained maximum suppression for side-lobes on good side of the diffraction pattern. This is nearly 90% lower than the value obtained in unapodized case. On further increase in edge strip width b, the first side-lobe intensity increases with defocusing parameter Y. This effect can be seen clearly in Fig.2 in which a solid blue line curve represents Airy PSF for easy comparison with the PSF obtained from different out-of-focus planes. 3-D intensity profile of Airy PSF is depicted in Fig.9 . Fig.3 shows that for partially defocused image plane (Y = π/2), we obtained improved side-lobe suppression and occurs at edge strip width b=0.05. For a maximum defocused plane (Y = 2π), the maximum suppression of side-lobe is occurs at same edge strip width b=0.05. It is clearly depicts in the Fig.4 . These curves are also demonstrate that, for Y = π/2 and b = 0.2 there is small dark zone has created on good side in the vicinity of the central maxima and it spreads out little for maximum defocused image plane (Y = 2π). This small dark zone is particularly important to detect the direct image of faint object which is in the close proximity of very bright object. For all values of edge strip width b, as defocusing in the image plane increases from 0 to 2π the first minimum position on bad side is moving away from diffraction center (z=0) and mean while the intensity of first side-lobe on bad side is increasing progressively. This can be seen in more detail from the listed values in Table. I. This study is also concluded that the pattern on good side of the PSF is obtained at the cost of the pattern on bad side of the PSF. 
Conclusions
From present studies we can conclude that in the presence of defocusing there is a significant improvement in the resolution of asymmetrically apodized optical systems in the case of one-dimensional complex pupil functions. The maximum suppression of first side-lobe on good side of the PSF is found at b = 0.06 for a maximum defocused image plane. For Y = 2π and b = 0.2, the central peak becomes narrower on good side and there is a small dark region is produced in the vicinity of the central peak. On the whole it can be emphasized that defocusing is found to be more effective in enhancing the resolution of two line objects. For Airy PSF, side-lobe suppression on good side is found to decrease with an increase of defocusing effect (Y) in the image plane and it is further improved by the degree of asymmetric apodization (b) of slit aperture. These characteristics would make the system more effective in resolving the composite image of two line objects which are widely varying in their intensities.
